STATEMENT: Our study demonstrates compositional and structural 23 differences of the nuclear pore complex between the functionally differentiated 24 macronucleus and micronucleus within a single cytoplasm of ciliated protozoa. 25 3 ABSTRACT 26 The nuclear pore complex (NPC), a gateway for nucleocytoplasmic trafficking, is 27 composed of about 30 different proteins called nucleoporins. It remains unknown 28 whether the NPCs within a species are homogeneous or vary depending on the cell type, 29 or physiological condition. Here, we present evidence for compositionally distinct NPCs 30 that form within a single cell in a binucleated ciliate. In Tetrahymena thermophila, each 31 cell contains both a transcriptionally-active macronucleus (MAC) and a germline 32 micronucleus (MIC). By combining in silico analysis, mass spectrometry analysis for 33 immuno-isolated proteins, and subcellular localization analysis of GFP fused proteins, 34 we identified numerous novel components of MAC and MIC NPCs. Core members of the 35 Nup107-160 scaffold complex were enriched in MIC NPCs. Strikingly, two paralogs of 36 Nup214 and of Nup153 localized exclusively to either MAC or MIC NPCs. Furthermore, 37 the transmembrane components Pom121 and Pom82 localize exclusively to MAC and 38 MIC NPCs, respectively. Our results argue that functional nuclear dimorphism in ciliates 39 is likely to depend on compositional and structural specificity of NPCs. 40 41
Based on prior analysis, T. thermophila appeared to lack homologs of many widely 81 conserved NPC components. These included scaffold Nups (mammalian Nups205, 188, 82 160, 133, 107, 85, and 53, among others) from the Nup93 and Y-complexes. Similarly, 83 homologs of FG-Nups Nup214, 153, 62, and 58 were also not detected, as were TM Nups 84 except for gp210. These NPC components may have evaded homology-based searches 85 due to extensive sequence divergence, given the large evolutionary distance between 86 ciliates and animals, fungi, and plants. 87
To address these ambiguities and to better understand NPC differentiation in T. 88 thermophila, we attempted comprehensive identification of Nups. First, we analyzed 89 proteins affinity-captured with known Nups. Furthermore, we mined updated genome 90 and protein databases for characteristic Nup sequences or conserved domains, using in 91 silico structure prediction. The resulting expanded catalog of Tetrahymena Nups, 92 combined with localization data, sheds new light on the extent to which NPC architecture 93 can vary within a single species, and even in a single cytoplasm. 94
95

RESULTS 96
The Nup93 complex includes a unique Nup205 ortholog and a novel central 97
channel FG-Nup 98
In mammalian cells, the Nup93 complex ( Fig. 1B) is composed of Nup93, Nup205, 99
Nup188, Nup155, and Nup53 ( Fig. S1) (Grandi et al., 1997; Hawryluk-Gara et al., 2005) . 100
In Tetrahymena, we previously identified homologs for Nup93 (TtNup93; Gene Model 101 identifier TTHERM_00622800) and Nup155 (TtNup155; TTHERM_00760460), and 102 found them distributed to MAC and MIC NPCs (Iwamoto et al., 2009 ). To identify other 103
Nup93 complex components, we used mass spectrometry to analyze anti-GFP 104 6 immunoprecipitates from Tetrahymena expressing GFP-TtNup93 (Fig. 1C ). All of the 105 proteins listed in Table S2 as 'hypothetical protein' were examined by Blast search for 106 similarities to known Nups of other species. In addition, all of the 'hypothetical proteins' 107 were examined by expression profile analysis in the Tetrahymena Functional Genomics 108 Database (TetraFGD) web site (http://tfgd.ihb.ac.cn/) (for details see the "Microarray" 109 page of the TetraFGD: http://tfgd.ihb.ac.cn/tool/exp (Miao et al., 2009 )) (also see 110
Materials and Methods). When either the Blast search or the expression profile analysis 111 (details described below) found similarities to any known Nups, we examined its 112 subcellular localization in T. thermophila by ectopically expressing GFP fused proteins. 113
By these analyses we found Nup308 (TTHERM_00091620) and the novel protein 114 TTHERM_00194800 (TtNup58: Nup58 in Fig. 1D and Table S2 ). 115
Nup308, a protein of 2675 amino acid residues, was previously identified as a 116
Tetrahymena-specific Nup, but it was not assigned to a subcomplex (Iwamoto et al., 117 2009 ). Based on PSIPRED analysis, Nup308 is composed of GLFG repeats forming an 118 N-terminal disordered structure (residues 1-570), followed by a large C-terminal 119 α -helix-rich region (residues 571-2675) ( Fig. 2 ). To identify potential Nup308 120 counterparts, we looked for Nups in other species with similar distributions of secondary 121 structures. Interestingly, a large α -solenoid domain is a predicted feature of both Nup205 122 and Nup188, conserved core members of the Nup93 complex (Kosova et al., 1999; 123 Andersen et al., 2013), although these proteins do not have FG repeats. 124
To investigate whether this structural similarity between Tetrahymena Nup308 and 125
Nup205 and Nup188 homologs in other species reflected shared evolutionary origins, we 126 performed a phylogenetic analysis. Nup308 formed a clade with Nup205 orthologs, 127 supported by a bootstrap probability of 72%, but not with Nup188 orthologs (Fig. S2 ). 128 7 composed of an N-terminal FG-repeat region and a C-terminal coiled-coil region (Fig. 2) , 137 which are characteristics of central channel FG-Nups that are tethered by Nup93 (Chug et  138 al., 2015). The secondary structure characteristics of the novel Tetrahymena Nup are 139 highly similar to those of Nup62 and Nup58, central channel proteins in yeast and 140 vertebrates that interact with Nup93 (Grandi et al., 1993 (Grandi et al., , 1997 . Because another protein 141 was found as an Nup62 ortholog (described below), this protein is the likely Tetrahymena 142 ortholog of Nup58; therefore, we named it TtNup58 (Nup58 in Fig. 1D are present in Tetrahymena but had been overlooked due to sequence divergence, we 150 carried out mass spectrometric analysis of anti-GFP immunoprecipitates from cells 151 expressing the known Y-complex GFP-tagged Nups described below. 152
First, in precipitates of GFP-TtSeh1, we identified an 86 kDa protein orthologous to 153
Nup85 (Table S3 ) with a short stretch of four predicted β-strand blades at the N-terminus 154 followed by an α-solenoid domain ( To search for the Tetrahymena homolog we used GFP-TtNup96 as bait and identified a 167 8 109 kDa protein (Table S5 ) that is rich in predicted α-helices like human Nup107 (Fig. 2) . 168
The protein, tentatively named TtNup107, localized as a GFP-tagged construct to NPCs 169 of both nuclei (Figs 3B and S3A). 170
The genes encoding all members of the Y-complex except for Nup96 are 171 co-expressed and exhibit sharp expression peaks at 2 h (C-2) after two cell strains with 172 different mating-types were mixed for conjugation (for details see the "Microarray" page 173 of the TetraFGD: http://tfgd.ihb.ac.cn/tool/exp (Miao et al., 2009 )) ( Fig. 3C ). In contrast, 174 Nup133, and because its expression profile is similar to those of some other Tetrahymena 285 Nups (Fig. 5A) . A GFP-fusion localized to NPCs, with a bias to the MAC (Fig. 5D) . 286
Based on its predicted molecular weight, we named this protein Nup185. Nup185 287 contains a conserved domain 'Nucleoporin (SSF117289)' (Fig. 2) , which is generally 288 found near the N-terminal regions of Nup155 and Nup133 homologs. The expression 289 peak of Nup185 appeared at C-6 ( Fig. 5A) . 290
To assess the location of Nup185 within the NPC architecture, we identified 291 interacting proteins by immunoprecipitating GFP-Nup185. One interacting protein was 292 TTHERM_00268040, which bears predicted coiled-coil motifs throughout its entire 293 sequence (Fig. 2) and is thus similar to the nuclear basket component, Tpr (Fig. 5B) . 294 12 TTHERM_00268040 fused with GFP localized equivalently to MAC and MIC NPCs 295 ( Fig. 5E ). This protein is a likely ortholog of human Tpr; therefore, we named it TtTpr. 296
Nup185 did not interact with any members of the Y-or Nup93 complexes (Table S6) TtPom121 fused with GFP at its C-terminus (TtPom121-GFP) localized specifically to 316 MAC NPCs (Fig. 6C, upper) . Consequently, this protein is the likely Tetrahymena 317 ortholog to human POM121; therefore, we named it TtPom121. 318
Notably, when GFP was fused with the N-terminus of TtPom121 at a region close to 319 the TM domain (GFP-TtPom121), the tagged protein localized in the MAC nucleoplasm, 320 but not in MAC NPCs or the MIC nucleoplasm (Fig. 6C, lower) . This result suggests that 321 In contrast, the other TM Nup candidate (TTHERM_00375160; TtPom82) localized 325 exclusively to MIC NPCs (Fig. 6D, upper) . This protein has predicted molecular features 326 13 that have not been reported in Nups from any other organism: a TM domain near the 327 C-terminus, central coiled-coil, and N-terminal FG repeats (Fig. 6A, bottom) . We named 328 this protein TtPom82 according to its predicted molecular weight (82 kDa). A construct 329 lacking the TM domain showed diffuse cytoplasmic localization (Fig. 6D, lower) , 330
suggesting that MIC NPC-specific localization of TtPom82 does not depend on the 331 MIC-specific nuclear transport of TtPom82. This result suggests that TtPom121 and 332
TtPom82 use different mechanisms to target to the MAC and MIC NPCs. 333
Next, we performed immuno-electron microscopy (iEM) for the Pom proteins using 334 anti-GFP antibody in order to know their sub-NPC localization. Intriguingly, their 335 sub-NPC localizations were opposite; Pom121 was exclusively localized to the nuclear 336 side of the MAC NPC ( Fig. 6E ), whereas Pom82 was exclusively localized to the 337 cytoplasmic side of the MIC NPC (Fig. 6F) . 338
Given the difference in molecular features, their behaviors when the TM domain 339 function was disrupted, and their sub-NPC localizations, Pom121 and Pom82 are 340 unlikely to be functional homologs of each other. Taken together, these findings lead to 341 the conclusion that MAC and MIC NPCs contain distinct TM components (Fig. 6G,H) . 342
The protein components of MAC and MIC NPCs are summarized in Fig. 7 . 343
One TM Nup, found in both fungi and animals but missing from our Tetrahymena 344 catalog, is Ndc1. We identified a potential Ndc1 homolog in TTHERM_00572170, a 345 protein with six predicted TM domains that is co-transcribed with other Nups (see 346 http://tfgd.ihb.ac.cn/search/detail/gene/TTHERM_00572170). However, neither N-nor 347 C-terminal GFP fusions of this protein localized to NPCs (Fig. S3D ). Therefore, 348
Tetrahymena NPCs may lack Ndc1. Similarly, Ndc1 has not been detected in 349
Trypanosoma NPCs (Obado et al., 2016) . 350
351
The permeability of the nuclear pore differs between MAC and MIC 352
To better understand the functional consequences of structural differences between MAC 353 and MIC NPCs, we examined the relative pore exclusion sizes by asking whether probes 354 of different sizes could gain access to each nucleoplasm. GFP (approx. 28 kDa) was 355 excluded only from MICs, whereas GFP-GST (more than 100 kDa due to its 356 oligomerization) was excluded from both MACs and MICs (Fig. S4A ). In addition, 357 FITC-dextran of 40 kDa could enter MACs, whereas 70-kDa FITC-dextran was 358 14 completely excluded (Fig. S4B) . These results indicate that MAC pores exclude 359 molecules greater than approximately 50 kDa, which is similar to the permeability size 360 limit of nuclear pores in other species (Paine et al., 1975; Gorlich and Mattaj, 1996; 361 Keminer and Peters, 1999). On the other hand, MIC pores impose a much smaller 362 exclusion size, and exclude molecules of even 10-20 kDa (Fig. S4B) . This difference in 363 exclusion size may be due to differences between the protein composition and structural 364 arrangement of NPCs of these dimorphic nuclei. 365
15
DISCUSSION 366
We have now identified 28 nucleoporins in the ciliate T. thermophila: 15 Nups reported 367 here, and 13 in our previous study (Iwamoto et al., 2009 with importin-βs. This idea is also supported by the presence of nucleus-specific importin 395 family proteins (Malone et al., 2008) . 396
It is interesting to note that both MAC-and MIC-specific Nups contain atypical 397 repeat motifs: NIFN, but also more subtle variations on the FG-repeat: FN, FQ, FA, FS 398 and so on (Fig. 2) . Because the NIFN-repeat domain of MicNup98A is known to function 399 in blocking misdirected nuclear transport of MAC-specific linker histones (Iwamoto et al., 400 2009), the atypical FG-repeats may similarly be involved in controlling nucleus-specific 401 transport of particular proteins. However, importin-βs that preferentially interact with the 402 NIFN-repeat and their cargos have not been found, and thus the complete role of the 403 NIFN-repeat motif in nucleus-specific transport remains to be elucidated. 404
405
A role of biased Nups to build different NPC structures 406
The nucleus-specific Nups generate obvious structural differences between MAC and 407 MIC NPCs. However, these different components have to be integrated into two NPC 408 scaffold structures that are constructed of the same components. One way to make 409 different structures from the same components may be to incorporate different amounts 410 of these components, leading to different structures that allow biased 411 localization/assembly of nucleus-specific components. The localization of the 412 Y-complex ( Fig. 3B) and Nup88 (Fig. 5C ) was highly biased to either MICs or MACs, 413 respectively. Thus, these biased components may be critical for directing assembly of 414 MAC-or MIC-type NPCs. Consistent with this idea, Nup98 homologs in vertebrates 415 interact with the Y-complex components Nup96 (Hodel et al., 2002) and Nup88 (Griffis 416 et al., 2003) . This model raises the question of how structurally similar paralogs in 417
Tetrahymena can differentially recruit nucleus-specific FG-Nups. 418
The copy number of the Y-complex within individual NPCs differs between the 419 MAC and MIC (Fig. 3B,D) , indicating that at least two NPC structures with different 420 Y-complex stoichiometries can form in ciliates. This quantitative difference in 421 Y-complex incorporation may be directed by membrane Nups. The nucleus-specific TM 422
Nups, Pom121 and Pom82, are currently strong candidates for initiating NPC assembly 423 on the nuclear membrane. In vertebrates, Pom121 binds the Y-complex through a 424 Nup160 homolog (Mitchell et al., 2010) . In Tetrahymena, TtPom121 and TtPom82 may 425 differentially affect Y-complex integration into MAC or MIC NPCs. This model can be 426 extended to biased integration of Nup98 paralogs, since Pom121 has been shown to 427 directly bind Nup98 (Mitchell et al., 2010) , supporting our idea that biased Nups and 428 nucleus-specific Nup98 paralogs cooperate to build two distinct NPCs. In this model, the 429 acquisition of specialized Pom proteins might have been one of the most crucial 430 evolutionary events for generating nuclear dimorphism in ciliates. Taken overall, our 431 study contributes to understanding the diversity of NPC architectures in eukaryotes, 432
including potential functional and evolutionary aspects. 433
MATERIALS AND METHODS 434
In silico genomic database analysis and secondary structure prediction 435
We searched for candidates Nups using protein BLAST on the NCBI website and 436 Seh1 was tagged with mCherry using a pmCherry-pur4 vector (Iwamoto et al., 2014) . 465
Primers used in this study are listed in Table S7 . 466 467
Expression of GFP-Nups in Tetrahymena cells 468
Conjugating cells were subjected to transfection by electroporation using a Gene Pulser II 469 (Bio-Rad, Hercules, CA) as described previously (Iwamoto et al., 2014; 2015) . The 470 resulting cell suspension was cultivated for 18 h and then treated with selection drugs, 471 paromomycin sulfate (Sigma-Aldrich, St. Louis, MO) at 120 μg/ml when using pIGF1, 472 pIGF1C, pEGFP-neo4, and p2xmNeon_6xmyc_Neo4 vectors, or puromycin 473 dihydrochloride (Fermentek, Jerusalem, Israel) at 200 μg/ml when using a 474 pmCherry-pur4 vector. Cadmium chloride was also added at 0.5 μg/ml to induce the 475 expression of drug resistant genes for pEGFP-neo4, p2xmNeon_6xmyc_Neo4, and 476 pmCherry-pur4 vectors. Resistant cells usually appeared within a few days after the drug 477 was added. We checked that at least 5 independent clones (i.e., grown in 5 different wells) 478 exhibited the same intracellular localization of each GFP-Nup. 479
480
Immunoprecipitation 481
For immunoprecipitation, GFP-Nup-expressing cells in logarithmic growth were 482 pretreated with 0.5 mM PMSF for 30 min at 30°C and then collected by centrifugation. 483
The cells were resuspended at 2.5 × 10 6 cells/ml in homogenization buffer composed of 484 150 mM NaCl, 1% Triton X-100, 2 mM PMSF, and Complete Protease Inhibitor Cocktail 485 (Roche Diagnostics, Mannheim, Germany), and then homogenized with sonication on ice. 486
The supernatant obtained after centrifugation at 10,000×g for 15 min was pretreated with 487 Tetrahymena cells expressing GFP-tagged Nups were first fixed with cold methanol for 518 20 min, and then additionally fixed with 4% formaldehyde in PBS for 20 min. After 519 treated with 1% bovine serum albumin (BSA), cells were treated with 5 μg/ml anti-GLFG 520 monoclonal antibody 21A10 for 2-3 hrs (Iwamoto et al., 2013) . After washing with PBS, 521 cells were treated with Alexa Fluor 594-conjugated goat anti-mouse IgG at 1/1000 522 dilution for 1 h (Thermo Fisher Scientific). Images of forty z-sections with a 0.2-μm 523 interval were taken for cells using the DeltaVision microscope system with 524 oil-immersion objective lens PlanApoN60OSC (NA=1.4) (Olympus), and were 525 processed by deconvolution using SoftWoRx software equipped with the microscope. 526 21 527
Immuno-electron microscopy 528
Tetrahymena cells expressing GFP-tagged Nups were fixed with 4% formaldehyde for 30 529 min. After washing 3 times with PBS, they were permeabilized with 0.1% saponin for 15 530 min at room temperature. After treatment with 1% BSA, cells were incubated with 531 anti-GFP polyclonal antibody (Rockland Immunochemicals) at 1/200 dilution for 2 hrs, 532 washed three times with PBS, then incubated with FluoroNanogold-anti rabbit Fab' 533 Alexa Fluor 594 (Nanoprobes, Yaphank, NY) at 1/400 dilution for 1 h. The 534 immunolabelled cells were fixed with 2.5% (w/v) glutaraldehyde (Nacalai tesque, Kyoto, 535 Japan) for 1 h. After washing with 50 mM HEPES (pH 5.8) they were incubated with 536 silver enhancement reagent (Tange et al., 2016) for 7 min. The reaction was stopped by 537 washing three times with distilled water. Then the cells were post-fixed with 1% OsO 4 for 538 15 min, electron stained with 2% uranyl acetate for 1 h, dehydrated with sequentially 539 increased concentrations of ethanol, and embedded in epoxy resin (Epon812). The 540 ultrathin sections sliced from the resin block were stained with 4% uranyl acetate for 15 541 min and lead citrate (Sigma-Aldrich) for 1 min, and observed by a transmission electron 542 microscope JEM-1400 (JEOL, Tokyo, Japan) with an acceleration voltage of 80 kV. 543 Mass spectrometric identification of the proteins co-precipitated with GFP-TtNup93. 779
The top seven proteins are listed among other identified proteins (Table S2) 
